Products derived from black chokeberry are claimed to be beneficial in treating chronic diseases, such as obesity and diabetes. OBJECTIVE: The objective of this study was to determine if supplementation with Aronia melanocarpa (black chokeberry) juice concentrate (AJC) has anti-obesity properties in mice fed obesogenic diets. METHODS: Male C57BL/6J mice (n = 10/dietary treatment) were placed on either a low-fat, high-sucrose (LFHS; 5% fat), LFHS+AJC (1.44 g AJC/kg diet), high-fat (HF; 30% fat), or HF+AJC for 12-weeks. RESULTS: Final body weight was lower in LFHS+AJC compared to LFHS, HF and HF+AJC (∼14, 20% and ∼16%, respectively; P < 0.05). Mice receiving LFHS and LFHS+AJC had significantly higher (P = 0.001) energy intake than HF and HF+AJC. LFHS-fed mice had less (-30%) epididymal fat (p < 0.05) than HF-fed mice, however mice on the LFHS+AJC had less epididymal fat per gram body weight than LFHS controls. There was no effect of diet or AJC on adipose tissue gene expression. There was no difference in plasma insulin, glucose or triglycerides between groups, however there was a positive effect of AJC on adiponectin (P = 0.059). There was also a significant effect of diet (LFHS versus HF) on HOMA-IR (P = 0.004) and HOMA-BCF (P = 0.002).
Introduction
The global prevalence of obesity has reached epidemic proportions in recent years [1] . Obese individuals have an increased risk of developing chronic diseases such as type 2 diabetes, hypertension and dyslipidemia [2] . Therefore, there is a need to develop successful nutritional interventions targeting obesity in order to treat or prevent weight gain and decrease risk for developing chronic disease. Epidemiological studies have demonstrated a correlation between consumption of fruits and vegetables with reduced incidence of obesity, diabetes and certain types of cancer [3] [4] [5] , making increased consumption of fruits, such as berries, an ideal target for nutrition intervention. Berry fruits have shown considerable potential in the food industry and nutrition science community over the last two decades due to the high level of phenolic compounds (e.g. anthocyanins) they possess and the role these compounds play in maintaining health and preventing disease [6] .
Aronia melanocarpa, also known as black chokeberry, is found in the eastern parts of North America and Northern and Eastern Europe. Products derived from black chokeberries are claimed to be beneficial in diseases associated with oxidative stress due to the high concentration of phenolic compounds (anthocyanins, procyanidins, hydroxycinnamic acids and flavonols) they possess [7] [8] [9] [10] . Extracts from black chokeberries have been demonstrated to have anti-inflammatory [11] , anticancer [12] , cardio-protective [13] and anti-diabetic effects [14] in animal models. A recent study by Qin and Anderson [11] demonstrated that chokeberry extract prevented weight gain and decreased risk factors associated with insulin resistance in rats fed a fructose-rich diet through modulation of multiple pathways associated with insulin signaling, adipogenesis and inflammation [11] . In addition, supplementation with chokeberry juice reduced blood pressure and improved lipid status in both hypertensive individuals [15] and individuals with metabolic syndrome [16] .
Although, there is emerging evidence regarding the ability of black chokeberries to prevent chronic disease, limited data exists on the potential for black chokeberry supplementation to prevent weight gain and the development of obesity. Therefore, the objective of this study was to determine if long-term supplementation with Aronia melanocarpa (black chokeberry) juice concentrate has anti-obesity properties in mice fed obesogenic diets.
Materials and methods

Chemicals
Aronia (black chokeberry) juice concentrate (AJC) (65 • brix) was obtained from Maes' Health and Wellness (Omaha, NE).
HPLC analysis of anthocyanins, flavonols and hydroxycinnamic acids
Following dilution of Aronia juice concentrate (65 • brix) to single strength juice (12 • brix) with MilliQ water, 8 mL of juice was evaporated to dryness using a SpeedVac ® concentrator (ThermoSavant, Holbrook, NY) and re-suspended in 1 mL of 3% formic acid in water. Individual anthocyanins, flavonols and chlorogenic acid were separated by reverse phase HPLC on a Symmetry C 18 column (Water Corp., Milford, MA) according to the method described by Cho et al. (2004) . Anthocyanins, flavonols and hydroxycinnamic acids were identified by comparing retention times of peaks that were previously identified by HPLC/MS using identical HPLC methodology [17, 18] . Anthocyanin glycosides were quantified as corresponding anthocyanin glucosides using external calibration curves of a mixture of anthocyanin glucoside standards purchased from Polyphenols Laboratories (Sandnes, Norway). Flavonol glycosides were quantified as rutin equivalents and hydroxycinnamic acids were quantified as chlorogenic acid equivalents.
HPLC analysis of procyanidins
Samples (20 mL) of Aronia juice concentrate diluted to single strength juice with Milli-Q water were subjected to solid-phase extraction using Sephadex LH-20 to remove interfering sugars, and other phenolic compounds according to the method described by Gu et al. [19] . Procyanidin extract eluted from the column with 80 mL of 70 : 30 acetone:water (v/v) was evaporated to dryness using a SpeedVac ® concentrator, re-suspended in 2 mL of acetone/water/acetic acid (70 : 29.5 : 0.5 v/v/v), and filtered through 0.45 m filters. Procyanidins were separated by normal phase HPLC on a Phenomenex Luna column (Torrance, CA) according to the method of Hammerstone et al. [20] . Peaks were quantified using external calibration curves of a mixture of procyanidin standards (DP1 -DP6) isolated from cocoa and provided by Masterfoods (Hackettstown, NJ).
Animals and diets
Forty, 6-week old, male C57BL/6J mice (Jackson Laboratories, Bar Harbor, MN) were used in this study. Two obesogenic diets were designed and used for this study: Low-Fat, High-Sucrose (LFHS) and High-Fat (HF; 55% energy from fat) supplemented with or without AJC. Mice were fed one of four dietary treatments (Table 1) LFHS, LFHS+AJC, HF, or HF+AJC, for 12 weeks. The AJC was added as liquid concentrate (60% solids) to the powdered diet (1.44 g anthocyanins per kg diet or the equivalent of 97 Aronia berries (∼0.5 cups)). Animals were randomly assigned to a diet treatment group before the start of the study. Animals were housed two per cage with a 12-hour light/dark cycle with ad libitum access to food and water. Body weights and food intake were measured three times per week, however food spillage was not measured. At the end of the 12-week experimental period, mice were fasted overnight (8-10 hours) and euthanized by cervical dislocation followed by cardiac puncture to collect blood. The experimental protocol was approved by the Institutional Animal Care and Use Committee at the University of Arkansas (Fayetteville, AR).
Diet efficiency was calculated by dividing average daily weight gain by average daily energy intake in kilocalories (kcal). Blood was collected in EDTA-lined tubes (BD Vacutainer) and centrifuged at 1,800× g for 10 min at 4 • C. Plasma was collected and immediately placed in liquid nitrogen and stored at -80 • C until analysis. Epididymal fat pads and liver samples were collected and weighed and immediately frozen in liquid nitrogen and stored at -80 • C. The cecum was removed after sacrifice, weighed and the cecum contents were removed and weighed separately. The cecum contents were immediately frozen and stored at -80 • C.
Plasma analysis
All plasma analyses were conducted using fasting plasma samples and commercially available kits (Cayman Chemical, Ann Arbor, MI). Fasting plasma glucose (item #10009582) and triglyceride levels (item #10010303) were measured using a commercially available colorimetric assay kit. Fasting insulin (item #589501), and adiponectin (item #10007620) levels were measured using commercially available enzyme immunoassays. The homeostasis model assessment (HOMA) for insulin resistance (HOMA-IR) and for ␤-cell function (HOMA-BCF) were calculated as described previously [21] : HOMA-IR = (fasting glucose (mg/dL) × fasting insulin (IU/ml))/405 and HOMA-BCF = (360 × fasting insulin)/(fasting glucose -63).
Gene expression
RNA was isolated from adipose tissue according to manufacturer's instructions using Trizol (Life Technologies, Grand Island, NY). Quanta Biosciences (Gaithersburg, MD) qScript cDNA synthesis kit was used to make cDNA according to manufacturer's instructions. All genes were analyzed by qRT-PCR using a LightCycler 480 (Roche Life Science, Indianapolis, IN) using Roche RealTime Ready custom assays for fatty acid synthase (FAS) and peroxisome-proliferator receptor gamma (PPAR␥). All data was normalized to the housekeeping gene GAPDH.
Statistical analysis
All data were analyzed using Prism GraphPad Software (La Jolla, CA). P values <0.05 were considered significant. One-way ANOVA followed by a Tukey test to correct for multiple comparisons was used for analyzing differences between means. Two-way ANOVA followed by a Bonferroni test to correct for multiple comparisons was used to analyze diet-AJC interactions, and effects of diet and AJC supplementation.
Results
Polyphenol composition of Aronia (black chokeberry) juice concentrate
The concentrations of individual anthocyanins and procyanidins and total flavonols and hydroxycinnamic acids in Aronia juice concentrate (AJC) are shown in Table 2 . The composition of anthocyanins (expressed as single strength juice (957.2 (Table 2)/5.4)) is similar to previous reports [7, 17] . The content of total anthocyanins (177 mg/mL) in AJ was similar to the value of 169 mg/100 mL previously reported for AJ prepared from AJC [17] .
Body weight, food intake and tissue weight
There was no difference in starting body weights between groups (Table 3 ). There was a significant effect (P < 0.05) dietary fat composition and AJC supplementation (P < 0.01) on final body weight. At the end of the 12-week dietary intervention, animals in the HF and HF+AJC groups had significantly higher (P < 0.05) body weights than animals in the LFHS+AJC group. There was a trend (P = 0.055) for the LFHS+AJC group to have lower body weights than the LFHS group. AJC supplementation had a significant effect (P < 0.001) on weight gain and animals supplemented with AJC tended to gain less weight. Animals consuming the LFHS and LFHS+AJC diets had significantly higher (P < 0.001) energy intake (kcal/d) compared to the HF and HF+AJC groups, however this was due to the fat content of the diet and not the AJC. There was a significant (P < 0.05) diet-AJC supplementation interaction on diet efficiency and both diet (P < 0.0001) and AJC supplementation (P = 0.02) had a significant effect on diet efficiency, demonstrating the AJC supplementation reduced diet efficiency. A lower diet efficiency is desirable since it demonstrates that the animals need less energy intake to maintain body processes (i.e. growth) and are more efficient at using the energy they consume.
Liver weight per gram body weight was significantly lower (P < 0.05) in HF and HF+AJC groups compared to the LFHS and LFHS+AJC groups (Fig. 1A) , which could be due to the high sucrose content of the LFHS diets. In addition, epididymal fat weight per gram body weight was significantly lower in LFHS and LFHS+AJC groups Total hydroxycinnamic acids 271 Table 3 Body weight and food intake Data expressed as means ± SEM. Means not sharing the same letter are significantly different (one-way ANOVA; P < 0.05). Diet-AJC interaction determined by two-way ANOVA (P < 0.05). LFHS: Low-fat, high-sucrose; AJC: Aronia juice concentrate; HF: High-fat.
(P < 0.05) compared to the HF and HF+AJC groups (Fig. 1B) . There was a trend (P = 0.06) for LFHS+AJC to have lower epididymal fat weight compared to LFHS. Finally, the cecum contents weighed significantly more (P < 0.05) in the LF+AJC and the HF+AJC groups compared to the LF and HF groups (Fig. 1C) .
Metabolic markers of obesity
Metabolic plasma markers of obesity are shown in Table 4 . There was no difference between groups for fasting glucose, insulin and triglyceride levels. However, there was a trend (P = 0.059) for AJC supplementation to increase adiponectin levels. There was no difference in HOMA-IR and HOMA-BCF between groups, however there was a significant effect of diet on both HOMA-IR (P = 0.004) and HOMA-BCF (P = 0.002). There was no difference in adipose tissue gene expression of FAS and PPAR␥ between groups (Table 5 ).
Discussion
This is the first study to compare the effect of AJC supplementation on body weight, body composition and metabolic markers of obesity. The present study suggests that AJC supplementation has the potential to prevent weight gain and markers of obesity in a rodent model by decreasing weight gain and increasing levels of adiponectin. In addition, animals in this study were fed two different obesogenic diets, which manifested themselves in different ways. Animals fed the LFHS had higher liver weights and lower total weight gain, while the HF-fed mice had higher weight gain and higher levels of epididymal fat.
There was a trend for higher plasma levels of adiponectin with AJC supplementation. Adiponectin is the most abundant peptide secreted by adipocytes and is a key hormone in the inter-relationship between adiposity, insulin resistance and inflammation [22] . Circulating adiponectin levels are inversely related to body fat percentage [23] . Adiponectin increases the sensitivity to insulin through activating AMP kinase, promoting glucose uptake by muscles via intracellular translocation of the GLUT4 transporters and by reducing gluconeogenesis by inhibiting the hepatic enzyme phosphoenolpyruvate carboxylase, which inhibits the synthesis of fatty acids and stimulates their oxidation [22] . Our data support results from an earlier study, which demonstrates that chokeberry extract elevated plasma adiponectin in rats fed a high-fructose diet when compared with the control group [11] .
Peroxisome-proliferator receptor gamma (PPAR␥) is a gene that regulates fatty acid and lipid metabolism [24] . In this study, we found no change in PPAR␥ expression in epididymal fat tissue with AJC supplementation. However, a recent study by Qin and Anderson [11] showed that animals fed a high-fructose diet supplemented with chokeberry extract in the drinking water for five weeks had increased PPAR␥ expression in epididymal fat.
In the present study, dietary supplementation with AJC did not appear to alter insulin resistance since AJC did not have any significant effect on HOMA-IR, HOMA-BCF or fasting insulin and glucose levels. However, HOMA-IR was increased in mice fed the HF diets. In studies by Heyman and Axling [25] , mice fed a high fat diet (45 kcal% fat) and either lingonberries, blackcurrants, or bilberries, had a lower HOMA-IR index resulting from a lower fasting glucose and/or insulin, indicating that these three berries protected against high-fat induced insulin resistance. The diet supplemented with lingonberries was more effective than the other berries in that it provided an almost complete prevention of body weight gain which was an effect of reduced adiposity [25] . Body weight and epididymal fat gain was not changed with AJC supplementation in this study indicating that chokeberries may not exhibit the same effect as the berries described above.
In this study, there was a trend for AJC supplementation to reduce weight gain and adiposity in mice fed a LFHS diet, with no effect in mice fed a high-fat diet. The reasons for the apparent lack of consistency of results found in various studies related to the effectiveness of berries on obesity and obesity-related parameters are not clear. The type of diet used to induce obesity, the amount of berry in the diet, the format of supplementation (e.g. extract versus whole berry), and polyphenolic composition of the different berries are all possible factors. In the study by Heyman and Axling [25] , 20% of the diet in the berry experimental groups came from freeze dried berries. Earlier studies comparing whole versus powdered blueberries or strawberries found that the whole berries were not effective in preventing obesity [26, 27] and, in some cases, tended to promote obesity in the context of a high-fat diet but not with a low-fat diet. Other studies have also reported either increased obesity [28] or equivalent adiposity [29] with supplementing a high-fat diet with whole blueberry powder at 2 or 4% of the total diet weight. Whole, freeze-dried black raspberry powder was also ineffective in preventing obesity [30] . In addition, whole strawberries did not promote obesity when supplemented in a high-fat diet, and some measures indicated possible antiobesity effects [26, [30] [31] [32] [33] [34] . However, feeding purified anthocyanins in the drinking water from blueberries (2.8 mg/day) or strawberries has been shown to reduce obesity in a rodent model [31] . One issue could be the anthocyanin concentration in the diets. However, the anthocyanin concentration in this study (1.44 g/kg diet) was comparable to published literature on purple corn (2 g/kg diet), blueberry powder (2.43 g/kg diet) [27] , and cornelian cherry (1 g/kg diet) [35] , and higher than studies using blueberry powder at lower concentrations (260 mg/kg diet) [26] and strawberry powder (33 mg/kg diet) [36] . The mechanisms as to why supplementation of purified anthocyanins delays the development of obesity and supplementation with the whole berry does not prevent obesity still need to be elucidated.
There was no effect of AJC supplementation on plasma triglyceride levels. This is in contrast to previous studies from our lab, which found that purified berry (blueberry and strawberry) anthocyanins supplemented in the drinking water, but not whole berries, decreased serum cholesterol and triglyceride level [26] . In addition, hypertensive adults who were fed chokeberry juice daily for four weeks showed significant reductions in triglyceride levels, total and LDL cholesterol and systolic and diastolic blood pressure [15] . Similar effects were observed in patients with metabolic syndrome who were supplemented with chokeberry juice for two months [16] . These differences could be due to bioavailability and method of administration of the supplement [37] [38] [39] . Furthermore, epidemiological data suggests that a high intake of anthocynins may reduce risk of myocardial infarctions, suggesting improved heart health [32] . In our study, AJC was incorporated into the powdered diet whereas the rodent study administered the purified berries in the drinking water and human studies the subjects were administered the berries in juice format. In addition, the studies discussed above were conducted in health-compromised individuals, while the mice were not health-compromised in this study.
Finally, the weight of the content in the cecum was higher with AJC supplementation. However, in a study by Frejnagel and Juskiewicz [40] differences in weights of the cecal contents were not observed with a chokeberry extract, but when an extract of polyphenols from green tea was fed, an increase in cecal content weight was observed [40] . In another study, feeding the polyphenol extract from chokeberries altered cecal parameters and metabolism as shown by a reduction in cecal digesta pH and ammonia concentrations in comparison to control animals [40] . In a previous study by Heyman and Axling [25] in which diets were supplemented with one of 8 different berries the mass of the cecum, including its contents, was increased in all berry supplemented groups compared to the control diet with the exception of the raspberry supplemented group [25] . Our data support these findings, which could be due a change in microbial fermentative activity in the cecum [41] , however further research is needed to determine the mechanisms of action.
This study has several limitations. The high fat diet used in this study contained only 30% fat, while previously published studies have used 45% to 60% fat [31, 42] . Using a lower level of fat in the high-fat diet in this study may have influenced the amount of weight the animals gained and made metabolic parameters related to obesity less pronounced compared to studies using higher levels of fat in the diet. Additionally, some studies have studied the effect of berry supplementation on animals fed a high-fructose diet [11] , which may have differing effects on metabolism when compared to high-fat feeding. In addition, one of our obesogenic diets, LFHS, was high in sucrose. High sucrose diets have been used to induce obesity and diabetes in rodent models [43] [44] [45] [46] . The high levels of sucrose in the LFHS diets could explain why we did not find large differences between LFHS and HF groups. Additionally, the diets vary in percent of energy contributed by protein (21% in the LFHS and 16.4% in the HF), which could have impacted our results. Finally, we supplemented the AJC directly into the powdered diet, whereas the other chokeberry supplementation studies added the chokeberry concentrate to the drinking water. These differences in dietary manipulation may be responsible for the varying results.
In summary, this study demonstrates that supplementation with AJC increased adiponectin levels and reduced weight gain and body fat in mice fed a low-fat diet. However, there was no difference in fasting glucose, insulin or triglyceride levels with AJC supplementation. Further research is needed to define the health benefits of AJC supplementation and understand the underlying mechanisms of action.
